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Complete Resonance Assignment for the Polypeptide Backbone of Interleukin 16 
Using Three-Dimensional Heteronuclear NMR Spectroscopy+ 
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ABSTRACT: The complete sequence-specific assignment of the I5N and 'H backbone resonances of the N M R  
spectrum of recombinant human interleukin I @  (153 residues, M r  = 17400) has been obtained by using 
primarily I5N-'H heteronuclear three-dimensional (3D) N M R  techniques in combination with I5N-'H 
heteronuclear and 'H homonuclear two-dimensional N M R .  The fingerprint region of the spectrum was 
analyzed by using a combination of 3D heteronuclear 'H Hartmann-Hahn IsN-'H multiple quantum 
coherence (3D HOHAHA-HMQC) and 3D heteronuclear 'H nuclear Overhauser lsN-'H multiple quantum 
coherence (3D NOESY-HMQC) spectroscopies. We  show that the problems of amide N H  and CaH 
chemical shift degeneracy that are prevalent for proteins of this size are readily overcome by using the 3D 
heteronuclear N M R  technique. A doubling of some peaks in the spectrum was found to be due to N-terminal 
heterogeneity of the lSN-labeled protein, corresponding to a mixture of wild-type and des-Ala- 1 -interleukin 
10. The complete list of "N and 'H assignments is given for all the amide NH and CaH resonances of 
all non-proline residues, as well as the 'H assignments for some of the amino acid side chains. This first 
example of the sequence-specific assignment of a protein using heteronuclear 3D N M R  provides a basis 
for further conformational and dynamic studies of interleukin I@. 

Interleukin 1 (IL-1)' is a cytokine protein with a variety of 
pleiotropic effects, interacting with virtually every organ and 
tissue system in the body, which is secreted from many n u -  
cleated cell types, particularly activated monocytes and ma- 
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crophages. Specific activities identified for IL-1 include 
thymocyte proliferation via the induction of interleukin 2 re- 
lease, stimulation of B-lymphocyte proliferation, prostaglandin 
and collagenase release, induction of acute-phase protein 
synthesis by hepatocytes, and fibroblast growth factor activity. 

I Abbreviations: IL-1, interleukin 1; IL-la,  interleukin la; 1L-10, 
interleukin lp: N M R ,  nuclear magnetic resonance; NOE, nuclear Ov- 
erhauser effect; NOESY, nuclear Overhauser effect spectroscopy: 
HOHAHA,  homonuclear Hartmann-Hahn spectroscopy; HMQC, het- 
eronuclear multiple quantum coherence spectroscopy: COSY, correlated 
spectroscopy; P.COSY, primitive COSY; dxdi, i+l) ,  N O E  between 
proton X on residue i and proton Y o n  residue i + 1. 
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nuclear 'H NMR has been successfully shown to increase the 
resolution of the traditional 2D NMR spectrum of proteins 
(Oschkinat et al., 1988, 1989a,b; Vuister et al., 1988). 
However, since one of the magnetization-transfer steps in these 
experiments depends on 'H-lH scalar couplings, they suffer 
from the concurrent loss of sensitivity that is observed in the 
2D J-correlated spectra of large proteins. Indeed, no example 
of the applications of homonuclear 3D methods has yet been 
successfully applied to a molecule the size of 11-lp. In the 
case of recombinant proteins produced by overexpression of 
the gene in bacterial or other cell systems, a number of superior 
options become available. These are based on the replacement 
of 'H by NMR-inactive 2H (LeMaster & Richards, 1988; 
Torchia et al., 1988a) or the inclusion of NMR-active het- 
eronuclei, such as 13C and lSN, by random (Clore et al., 1988; 
Stockman et al., 1988; Gronenborn et al., 1989a, 1990) or 
amino acid specific isotope labeling (McIntosh et al., 1987a,b; 
Torchia et al., 1988b, 1989). Various combinations of amino 
acid specific 2H, 13C, and 15N labeling have been used to aid 
the complete assignment of the backbone resonances of sta- 
phylococcal nuclease (18 kDa; Torchia et al., 1989). The 
application of selective isotope labeling is in general laborious 
as many different labeled samples must be prepared under the 
same conditions to complete the assignment task. Random 
13C and 15N labeling opens up the possibility of a number of 
heteronuclear 2D NMR techniques which, because of the 
altered chemical shift dispersion of the spectrum of the het- 
eronucleus, provide an opportunity of resolving ambiguities 
present in the 2D 'H spectrum (Clore et al., 1988; Gronenborn 
et al., 1989a, 1990; Forman-Kay, 1990). More importantly, 
the use of the heteronuclear chemical shift as the third di- 
mension in heteronuclear 3D NMR experiments gives rise to 
spectra in which resonance overlap is greatly reduced (Marion 
et al., 1989a,b; Fesik & Zuiderweg, 1988; Zuiderweg & Fesik, 
1989). Compared to purely homonuclear 'H 3D NMR 
spectroscopy, sensitivity is essentially completely retained 
because of the efficient transfer of magnetization from the 
heteronucleus to the directly bonded proton. Moreover, we 
have previously indicated that the combination of 3D heter- 
onuclear 'H Hartmann-Hahn 15N-'H multiple quantum co- 
herence (3D HOHAHA-HMQC) and 3D heteronuclear 'H 
nuclear Overhauser lsN-'H multiple quantum coherence (3D 
NOESY-HMQC) spectroscopies provides a good basis for the 
assignment of the spectrum of a predominantly 0-sheet protein 
such as IL-10 (Marion et al., 1989b). In this paper we extend 
the results reported earlier. The complete assignment of the 
backbone resonances of this protein is presented, and the 
specific advantages of the 3D heteronuclear NMR experiments 
in an application to a large protein are demonstrated. To our 
knowledge this represents the first protein for which the 
complete backbone assignment has been accomplished by using 
3D NMR techniques. 

EXPERIMENTAL PROCEDURES 
Interleukin 10 Preparation and I5N Labeling. Recombinant 

IL- 1P was prepared by using Escherichia coli harboring the 
expression vector derived from pPLc24 (Buell et al., 1985) in 
which IL-lP is expressed under the control of the bacterio- 
phage X PL promoter and the ribosome binding site of the 
bacteriophage Mu ner gene (Wingfield et al., 1986). Uniform 
I5N labeling to a level of >95% was obtained by growing the 
cells in minimal medium with 15NH4C1 as the sole nitrogen 
source. The proteins were purified as described previously 
(Wingfield et al., 1986). 

Mutagenesis of IL-1P. Site-specific mutants were con- 
structed by oligonucleotide-directed mutagenesis using the 

The physiological effects of IL-1 are thus central to the im- 
mune and inflammatory responses [see Dinarello (1984, 1988), 
Oppenheim et al. (1986), and Moore (1989) for reviews]. 
From a pharmacological point of view IL-1 is found to be 
cytocidal for certain tumor target cells (Onozaki et al., 1985) 
and appears to be a potent hyperalgesic (Ferreira et al., 1988). 
Two distinct coding sequences have been cloned that show 
essentially identical IL-1 activity (Auron et al., 1984; March 
et al., 1985). They are known as interleukin l a  (IL-la) and 
interleukin 10 (IL-10). The proteins have similar molecular 
weights (1 8 000 and 17 400, respectively), but possess only 25% 
sequence homology, yet they are found to compete for the same 
IL-1 receptor (Lowenthal & MacDonald, 1986; Kilian et al., 
1986; Dower et al., 1986; Matsushima et al., 1986; Wingfield 
et al., 1986, 1987a). In both cases the gene encodes for a 
31-kDa precursor that is processed to the mature form by a 
coinduced convertase (Kostura et al., 1989). In the case of 
IL- 1 a the preprotein displays full activity, while the pre-IL-10 
is inactive. IL-10 is the predominant IL-1 protein found in 
the extracellular environment, and there is some evidence to 
suggest that IL- la  activity is mostly associated with the cell 
membrane (Dinarello, 1988; Fuhlbrigge et al., 1988). Recently 
a few differences have been found in the biological properties 
of these two molecules, and it has been suggested that T and 
B cells possess structurally different IL-1 receptors with distinct 
binding properties for IL- la  and IL-1P (Scapigliatti et al., 
1989). The molecular basis for the similarity of the physio- 
logical effects of these two proteins is poorly understood. A 
preliminary model of the structure of the mature form of IL-10 
from low-resolution (3 A) X-ray diffraction studies has ap- 
peared in the literature (Priestle et al., 1988), but no coor- 
dinates are yet available.2 As part of an ongoing program 
designed to elucidate structurefunction relationships for these 
proteins (Gronenborn et al., 1986, 1988; MacDonald et al., 
1986; Wingfield et al., 1987b,c, 1989), we have been engaged 
in the application of nuclear magnetic resonance spectroscopy 
(NMR) to studies of their conformation. In this paper we 
present the complete assignment of the polypeptide backbone 
resonances of recombinant human IL-10 using mainly 
three-dimensional heteronuclear NMR. 

The application of two-dimensional (2D) NMR spectros- 
copy to the study of the structure of small proteins ( M ,  < 
10000) is now well established (Wuthrich, 1986; Clore & 
Gronenborn, 1987, 1989). There are a number of obstacles 
to the extension of 2D NMR methods to proteins with mo- 
lecular weights much greater than 10000. First, the increasing 
number of resonances in the spectrum leads to greater overlap 
and chemical shift degeneracy in the 2D spectrum, increasing 
the complexity of the spectrum to a point where its analysis 
becomes overly difficult, if not impossible. Second, the intrinsic 
property of the nuclear transverse relaxation time T, decreases 
with increasing molecular weight. This leads to a general 
reduction in the ability to trace out through-bond connections 
via IH-'H scalar coupling, a fundamental requirement for the 
sequence-specific assignment process. 

Two separate approaches have been taken to increase the 
scope of the NMR method. Three-dimensional (3D) homo- 

Added in proof Since the submission and acceptance of this paper, 
two reports on the refined X-ray structure of IL-10 at 2-A resolution have 
appeared in the literature [Finzel, B. C., Clancy, L. L., Holland, D .  R., 
Muchmore, S. W.,  Watenpaugh, K .  D., & Einspahr, H.  M. (1989) J. 
Mol. Bo / .  209, 779-791; Priestle, J .  P., Schar, H.-P., & Grutter, M. G .  
(1989) h o c .  Narl. Acad. Sci. U.S.A. 86, 9667-96711. The results 
presented in this paper, as well as in the subsequent paper (Driscoll et 
al., 1990) on the secondary structure analysis and molecular topology of 
IL- I@, are in complete agreement with the high-resolution X-ray data. 
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two-primer approach (Norris et al., 1983; Zoller & Smith, 
1984) as described previously (Gronenborn et al., 1986). The 
A l C  mutant was used together with the wild-type protein in 
the sequence-specific assignment procedure, while the following 
point mutant IL-lp molecules were utilized in the confirmation 
of the complete sequential assignment of the spectrum of the 
wild-type molecule: K27C, K93A, K94A, and C71S. 

N- Terminal Sequencing. N-Terminal amino acid sequence 
determination was performed by automated Edman degra- 
dation with a gas-phase sequencer (Applied Biosystems Model 
470A). The results indicated that I5N-labeled wild type IL-Ip 
produced in E .  coli with minimal medium comprised two 
species, 60% with N-terminal Ala-1 and 40% N-terminal 
Pro-2. For the 'SN-labeled A1C mutant IL-lP produced in 
minimal medium, the N-terminal sequencing indicated that 
the protein was completely missing the Cys-1 residue, being 
100% N-Pro-2. This protein product of the A1C mutant 
construct is therefore referred to here as des-Ala- 1-IL- ID. 
Unlabeled IL-lP samples (wild type and point mutants) were 
produced from E .  coli grown in full medium. These comprised 
mixtures of N-Met- and N-[Ala-l]-IL-1/3 proteins, due to the 
incomplete processing of the initiating methionine (Wingfield 
et al., 1987~) .  

NMR Sample Preparation. The buffer for all NMR ex- 
periments was 100 mM, pH 5.4, sodium acetate-d, (95% 
H20/5% D20)  containing the various proteins at a concen- 
tration of -2.3 mM. The sample temperature during the 3D 
NMR experiments was 36 "C.  

NMR Spectroscopy. All NMR spectra were recorded on 
a Bruker AM600 spectrometer, operating entirely in the re- 
verse mode. Thus, all 'H pulses were generated by using the 
decoupler channel, while I5N pulses were produced by suitable 
amplification of pulses generated from the low-power observe 
channel. The spectrometer was also equipped with digital 
phase shifters, fast switching of the IH decoupler and I5N 
observe power levels, and a hard-wired facility for X-nucleus 
decoupling using the GARP (Shaka et al., 1985) composite 
pulse decoupling sequence. 

The following 2D spectra were recorded in D 2 0  solution: 
100-ms NOESY (Jeener et al., 1979; Macura et al., 1981) 
at 27 and 36 "C; 40-ms HOHAHA (Braunschweiler & Ernst, 
1983; Davis & Bax, 1985) at 27 and 36 "C; and P.COSY 
(Mueller, 1987; Marion & Bax, 1988) at 36 "C. Very low 
power phase locked presaturation of the residual HOD signal 
was employed. 2D HOHAHA and NOESY spectra in H 2 0  
solution were recorded with a jump-and-return read pulse as 
described previously (Bax et al., 1987; Driscoll et al., 1989). 
2D COSY (Aue et al., 1976) spectra were recorded in H 2 0  
by using phase-locked presaturation, and the SCUBA tech- 
nique was utilized for the recovery of fingerprint region 
cross-peaks with CaH chemical shifts coincident with the 
solvent H 2 0  resonance (Brown et al., 1987). The sweepwidth 
employed was 8.4 kHz in each dimension. 2K data points were 
recorded in F2 with 800-900 increments in F , .  Typically, 
16-32 scans were collected per t l  increment with a relaxation 
delay of 1.5-1.7 s. Where these experiments were applied to 
I5N-labeled protein, I5N decoupling was achieved by gating 
on the GARP unit  during the t ,  evolution and detection pe- 
riods. 

For inverse I5N-'H correlation experiments, a double IN- 
EPT transfer scheme, otherwise known as the 
"Overbodenhausen" experiment (Bodenhausen & Ruben, 
1980; Bax et al., 1990a; Kay et al., 1989b), was used. The 
I5N-'H J coupling evolution and refocusing delays of the 
INEPT portions of the pulse sequence were set to 2.3 ms 
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[slightly shorter than 1 /(4JNH)]. Off-resonance DANTE-style 
presaturation of the H20 signal was used to suppress the water 
resonance (Kay et al., 1989a). A sweepwidth of 4.2 kHz was 
employed ( H 2 0  signal at right-hand edge of the spectrum), 
with a 1K block size in F2 and 512 increments in F , .  The 
sweepwidth in F, was 3.3 kHz with an offset of 121 ppm from 
liquid ammonia (this causes the folding of two arginine 
side-chain N'H signals into regions of the spectrum devoid of 
other signals). 

All the 2D experiments were recorded by using time-pro- 
portional phase incrementation (TPPI) for quadrature de- 
tection (Ernst et al., 1987) and were acquired in the phase- 
sensitive mode as described by Marion and Wiithrich (1983). 

The heteronuclear 3D HOHAHA-HMQC and NOESY- 
HMQC experiments were recorded in a manner that maxim- 
izes the digital resolution in all three dimensions (Kay et al., 
1989a). A complete description of the pulse sequences is given 
in our previous paper (Marion et al., 1989b) and is therefore 
only summarized below. The 3D NOESY-HMQC sequence 
is given by 

1H !No$ 11 Wox ~ 1,. 4 Y X  - 7 - 4SoX 18OoX -Acquisidon(tj) 

I5N decoupling A- Wow 12 W", -A-dccoupling 

while the 3D HOHAHA-HMQC sequence is given by 

IH Woe 11 TP - Nox - r - WALTz16. 1 - W", 18OoX -Acquisil ion(~) 

15N decoupling A- Wow 12 W", -A-decoupling 

The phase cycling to obtain pure-phase absorption spectra by 
the method of States et al. (1982) is the same for both ex- 
periments and is given by 4 = x,y,-x,-y, + = 4(x),4(-x), and 
Acquisition = 2(x),4(-x),2(x), with data for odd- and even- 
numbered scans stored separately. For quadrature detection 
in F2 the sequence is repeated with the phase + incremented 
by 90". The 90" IH pulse was 13.5 p s  for the 3D NOESY- 
HMQC and 28.5 p s  for the 3D HOHAHA-HMQC; the 90" 
I5N high-power pulse was 73 ps ,  and the lower power 90" lSN 
pulse used for GARP decoupling was 250 ps .  The I5N-'H 
coupling and evolution time A in both experiments was set to 
4.5 ms, slightly less than 1/(2JNH). The 45",-7-45", off- 
resonance 1-1 read pulse in the 3D NOESY-HMQC ex- 
periment is used to help suppress the residual H 2 0  magne- 
tization at the end of the NOESY mixing time and allows the 
power of the presaturation pulse train to be minimized; the 
delay T between the two 45" pulses was set to 203 p s  with the 
carrier placed 2083.3 Hz downfield of the water resonance. 
The trim pulse (TP) in the 3D HOHAHA-HMQC experi- 
ment was set to 1.5 ms, and the fixed delays ( 7  = 7.5 ms = 
mixing time/4) immediately before and after the WALTZ1 6 
pulse train were used to remove rotating frame NOE effects. 
The latter delays also provide time to switch the transmitter 
offset for the mixing sequence to a frequency that maximizes 
the efficiency of the HOHAHA magnetization transfer be- 
tween the N H  and CaH protons, namely, to 6 ppm (- l .3 ppm 
downfield of the water resonance). Between scans, off-reso- 
nance DANTE-style presaturation of the H 2 0  signal with a 
very weak radio frequency field of 10-15 Hz was applied for 
1.5 s to suppress the water resonance. 

Both 3D HOHAHA-HMQC and NOESY-HMQC ex- 
periments were recorded on a Bruker AM600 NMR spec- 
trometer. The two experiments were recorded consecutively 
on the same sample to minimize any differences in both the 
sample and recording conditions. The mixing times were 30 
ms for the 3D HOHAHA-HMQC and 100 ms for the 3D 
NOESY-HMQC experiments. For both experiments the F3 
and F2 sweepwidths were 4166.7 and 1580.8 Hz (corre- 
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sponding to 26 ppm in the I5N dimension), respectively. Since 
it is not necessary to record those regions of the spectrum in 
F, for which no cross-peaks are observed, these can be folded 
in the 3D spectrum without introducing confusion. Thus, in 
the 2D HOHAHA experiment no cross-peaks are observed 
from an amide NH to any of the high-field aliphatic groups 
in F, (see Figure IA). In the 3D HOHAHA-HMQC ex- 
periment we therefore kept the F,  sweepwidth to only 6060 
Hz (10.1 ppm). In the 3D NOESY-HMQC experiment, 
where NOES from N H  groups to high-field aliphatic groups 
can be observed, we increased the F, sweepwidth to 6784 Hz 
( 1  1.3 ppm). In neither case did we fold low-field N H  signals 
into the aliphatic region in F,  (though this may be 
desirable-especially in  the 3D HOHAHA-HMQC spec- 
trum). Because the carrier offset was set to the center of the 
amide N H  region of the IH spectrum in F3, shifting of the 
carrier in the F,  dimension was required. This was achieved 
by applying a linear phase correction to the time domain data 
in t ,  during the processing stage. In the 3D HOHAHA- 
HMQC experiment we employed a shift of the carrier position 
upfield from 8.1 to 6.0 ppm during the WALTZ spin-lock 
period. This is readily accomplished during the delays 
bracketing the spin-lock sequence that are used to compensate 
for rotating frame NOE effects (set to 7.5 ms each). This 
procedure maximizes the efficiency of the Hartmann-Hahn 
magnetization transfer between the amide and C"H protons. 
Quadrature detection in the Fl and F2 dimensions was obtained 
by using the method of States et al. (1982). In each case 128 
complex t , ,  32 complex t,, and 512 real t3 data points were 
recorded with acquisition times of 21.12 ( t l ,  HOHAHA), 
18.87 ( t , ,  NOESY), 20.24 (t,),  and 61.44 ms ( t 3 ) .  

Data Processing. All 2D NMR experiments were processed 
by using the Bruker DISNMR software on an ASPECT 1000 
datastation. The 3D NMR experiments were processed on 
a SUN 4 computer using a simple in-house-written routine 
for the F2 Fourier transform, together with the commercially 
available 2D software package NMR2 (New Methods Research 
Inc., Syracuse, NY) for processing of the F1-F3 planes, as 
described previously (Kay et al., 1989a). Zero-filling (once 
in each dimension) was employed to yield a final absorptive 
spectrum of 256 X 64 X 512 data points. The weighting 
function applied in the F,  and F3 dimensions was a singly 
shifted 60° sine bell window function, while a doubly shifted 
sine bell function, shifted by 60' at the beginning of the 
window and by I O o  at the end, was used in the F2 dimension 
(Kay et al., 1989a). As a result the apodization function does 
not have a value of zero at the end of the time domain data 
in t2 .  This avoids too low a weighting factor for the last t 2  
increments, thereby improving sensitivity and resolution. In 
the case of t ,  data comprising 32 complex points, this is im- 
plemented by applying a singly shifted 60' sine bell function 
over 34 complex points. A linear frequency domain base-line 
correction was applied in F3 prior to Fourier transformation 
in F, .  Noninteractive phase correction in the F, and F2 di- 
mensions was applied according to the formulas given previ- 
ously (Kay et al., 1989a; Marion et al., 1989b). The digital 
resolution in the final 3D spectrum was 8.13 Hz/point in F3, 
24.7 Hz/point in F2, and 23.6 Hz/point in F, (HOHAHA) 
and 26.5 Hz/point in F ,  (NOESY). Plots of the 3D spectra 
were produced by using a simple contouring algorithm, to 
produce POSTSCRIPT files that were output to a laser printer. 

RESULTS 
Figure 1 shows the amide NH-aliphatic regions of the IH 

2D NOESY (mixing time 100 ms) and 2D HOHAHA 
(mixing time 40 ms) spectra of wild-type recombinant IL-lP, 
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A) 2D HOHAHA B) 2D NOESY 
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FIGURE 1: Amide (Fz axis)-aliphatic (F, axis) regions of (A) 'H 2D 
HOHAHA and (B) 2D NOESY spectra of interleukin 1/3 recorded 
at 600 MHz, 36 O C  and pH 5.4, 100 mM sodium acetate-d3 (95% 
Hz0/5% DzO). The spectra were recorded with a jump and return 
read pulse, with mixing times of 39 and 100 ms, respectively. 
obtained at pH 5.4 and 36 OC. It is clear from these spectra 
that while there are many resolved cross-peaks in some regions 
of the spectrum, there is also extensive cross-peak overlap and 
chemical shift degeneracy. When the sequence-specific as- 
signment of a protein spectrum is made, variation of tem- 
perature and pH is often used to overcome such problems. The 
use of a point mutation in the amino acid sequence of the 
protein can also be of assistance in this regard, providing it 
does not significantly alter the overall structure (Gronenborn 
et al., 1986). In the case of IL-lP, however, extensive analysis 
of the 2D spectra using all these protocols yielded "hard" 
assignments for only a small number (around 30%) of amino 
acid residues. We therefore turned to novel heteronuclear 
experiments, particularly 3D NMR, to undertake the assign- 
ment task. 

The basis for the "N-IH heteronuclear 3D experiments lies 
in editing the 'H 2D spectrum according to the chemical shift 
of the directly bonded amide I5N nucleus. This information 
is contained in the I5N-lH reverse-correlation spectrum, which 
corresponds to the F,-F3 projection of the 3D spectrum. The 
3D experiments we have used are based on the HMQC pulse 
sequence in combination with various 'H 2D sequences. For 
routine examination of the 2D I5N-'H correlation spectrum, 
however, the Overbodenhausen experiment provides superior 
resolution in the 15N dimension compared with that of the 
HMQC experiment (Bax et al., 1990a). Figure 2 shows the 
Overbodenhausen inverse 15N-'H correlation spectrum of a 
randomly I5N labeled sample of wild-type recombinant IL- I@, 
obtained under the same conditions as for the 2D spectra 
shown in Figure 1, together with the assignments that were 
obtained as a result of the investigation reported in this paper. 
For the most part the cross-peaks in this spectrum are well 
resolved. By careful analysis of this and similar spectra ob- 
tained under slightly different conditions of pH and temper- 
ature, it was possible to identify 151 individual amide N H  
peaks. Some of these correlation peaks exhibit a broad line 
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FIGURE 2: I5N-IH Overbodenhausen correlation spectrum of 15N-labeled wild-type interleukin 10 recorded under the same conditions as the 
spectra in Figure 1 .  The assignments obtained as described in this paper are indicated. Some residues exhibit two peaks due to the sequence 
heterogeneity of the N terminus of the protein. Two arrows indicate the I5N chemical shifts for the two slices of the 3D spectra shown in 
Figure 4. 

shape and are only just visible at the contour level used in 
Figure 2. In many cases this is consistent with the absence 
of a peak from the 2D 'H COSY spectrum and a broad peak 
in the 2D 'H  HOHAHA spectrum. 

IL-1p contains 153 amino acid residues, including 8 prolines. 
Excluding the N-terminal residue, for which the amino group 
is generally not observed in protein spectra, one might expect 
to observe 144 amide signals. The discrepancy in the numbers 
of predicted and observed peaks indicates either structural 
and/or conformational heterogeneity in the I5N-labeled 
wild-type IL-lp sample. The discrepancy was resolved by 
analysis of the spectrum of a "N-labeled sample of IL-10 
which was lacking the N-terminal residue, Ala-1. This protein 
was constructed as a point mutant where a cysteine residue 
was replaced for the N-terminal alanine (Le., [ 15N]-AlC-IL- 
ID). The expressed protein, however, was found by N-terminal 
amino acid sequencing to start exclusively at Pro-2, the N- 
terminal cysteine residue having been removed by enzymatic 
cleavage in E .  coli. For this des-Ala-1-IL-lp only 143 amide 
signals were observed in the IH-l5N correlation experiment. 
N-Terminal amino acid sequencing of the wild-type ISN-la- 
beled protein showed it to be a mixture of two polypeptides, 
one with the correct N-terminal Ala-1 residue and a minor 
form beginning at  Pro-2 in a ratio of approximately 3 : 2 .  In 
neither case was the sample found to contain any protein 
containing the initiating methionine (Wingfield et al., 1987~).  
The analysis of the sequential assignment and protein sec- 
ondary structure indicated that the extra peaks in the sample 
of wild-type IL-18 are due to the resolvable difference of the 

A) "wild type" sample B) des-[Ala-ll-IL-l~ 
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FIGURE 3: Three expanded regions of the I5N-lH Overbodenhausen 
correlation spectra of lSN-labeled wild-type and des-Ala-I-interleukin 
lp. The doubling of a number of peaks in the wild-type spectrum 
is illustrated. Assignments for those peaks due to the minor des-Ala-1 
form are indicated by asterisks. Note the Val-3 cross-peak is only 
observed in the spectrum of the wild-type sample. 

chemical shifts in the two forms of the protein for seven amides 
(Arg-4, Ser-5, Val-47, Gln-48, Tyr-90, Lys-92, and Lys-93), 
with one amide (Le., that of Val-3) only detectable in the 
spectra of the "normal" Ala-1-containing protein. It should 
be pointed out that the nature of this heterogeneity was not 
readily evident from the 2D spectra, until after the analysis 

1H-FZ (ppm) 
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FIGURE 4: Two slices from 3D HOHAHA-HMQC and 3D NOESY-HMQC spectra of wild-type interleukin 1B described in the text. Because 
the two experiments were recorded by using an identical sweepwidth in F2, there is a correspondance between the peaks in the HOHAHA 
slice and the respective slice from the NOESY spectrum. The different sizes of the slices in the Fl dimension are due to the different F1 sweepwidths 
used in the two experiments. Slice A corresponds to the Fl-F3 cross section of the 3D spectrum at a I5N chemical shift of 118.1 ppm and 
slice B to a cross section at  119.8 ppm. The assignments of the intraresidue NH-C"H correlations are indicated in the respective HOHAHA 
slices. In slice B the intraresidue NH-C"H cross-peak of Lys-77 is lost because of the presaturation of the H20 resonance; the NH-CM cross-peaks 
are indicated for this residue. The NH-C"H cross-peak of Phe-112 is not visible at the contour level chosen (this residue has an exceptionally 
broad amide proton resonance); the diagonal peak is indicated for this residue. 

of the 3D spectra reported below. Figure 3 illustrates small 
regions of the Overbodenhausen spectra obtained with these 
two protein samples. The doubling of the cross-peaks that have 
been attributed to Arg-4, Ser-5, Val-47, Tyr-90, Lys-92, and 
Lys-93 is indicated. Note that only one peak for Val-3 has 
been found for the sample containing the wild-type protein. 
This is absent from the spectrum of des-Ala-1-IL-lp. 

Figure 4 shows two representative pairs of slices from the 
heteronuclear 3D HOHAHA-HMQC and NOESY-HMQC 
spectra. The two spectra were obtained under precisely the 
same conditions of temperature and pH. The slices are taken 
at  I5N chemical shifts indicated by the markers in the 2D 
'H-I5N correlation spectrum shown in Figure 2. In the first 
pair of spectra (slice A, 615N = 118.0 ppm) there are 10 clearly 
resolved fingerprint region NH-C"H correlations in the 
HOHAHA slice. All but one of these exhibit discernible 
NOES in the NOESY slice. The high sensitivity of the ex- 
periments is clearly apparent. It is important, however, to note 
the absence of relayed NH-CPH correlations in the HO- 
HAHA slice. The second pair of spectra (slice B, 615N = 119.8 
ppm) contains the cross-peaks corresponding to 19 different 
amide protons (the assignments are indicated in the figure; 
the amide NH of Phe-112 has a relatively broad proton line 
width and the NH-C"H cross-peak is not visible at the contour 
level chosen). This represents one of the most crowded slices 
in the whole 3D spectrum of IL-10. In this case a few relayed 
NH-CBH connections can be observed in the HOHAHA slice 
(Arg-1 1, Ser-21, Gln-32, Lys-77, Thr-79, Trp-120, Gln-141, 
and Ser-152). Note that because of the 60' shifted sine bell 
weighting function, which restricts the resolution enhancement 
used in processing the 15N F2 dimension, and the intrinsic I5N 
multiple quantum line width, almost all the peaks appear in 
more than one slice of the 3D spectrum. Thus, in the case of 
slice A in  Figure 4, although the sets of peaks arising from 
IO amide NH protons are present, only 4 of these sets are at 

their maximum intensity (Ser-5, Met-36, Lys-94, and Phe- 
146). All of the remaining six sets of cross-peaks have their 
maximum intensity in one of the adjacent slices. In slice B 
of Figure 4, only 7 of the 19 sets of cross-peaks are present 
at their maximum intensity (Lys-27, Asn-53, Lys-77, Trp-120, 
Leu- 1 34, Gln- 14 1, and Asp- 142). The NH-CaH cross-peak 
of K77 is missing from the HOHAHA slice. This is a con- 
sequence of the fact that presaturation of the H 2 0  resonance 
is used in the 3D pulse sequences. Thus, these 3D experiments 
suffer from the problem of bleaching out CaH resonances that 
are degenerate with the strong solvent peak. However, the 
decoupler power used for the suppression of the solvent peak 
is minimal. In the whole of the 3D HOHAHA-HMQC 
spectrum only six NH-C"H fingerprint correlations are com- 
pletely attenuated in this manner (Val- 19, His-30, Val-47, 
Lys-77, Glu-83, and Lys-103). The loss of peaks due to 
presaturation is less of a problem in our 3D NOESY-HMQC 
spectrum because a 1-1 selective read pulse at the end of the 
NOESY portion of the sequence is employed which allows the 
use of lower power for the presaturation pulses. (In principle, 
this procedure could also be applied in the 3D HOHAHA- 
HMQC experiment.) 

While the increase in resolution in the 3D spectrum is 
spectacular compared to the 2D spectra of Figure 1, there is 
still some amide N H  chemical shift degeneracy in the indi- 
vidual slices. For example, in slice B in Figure 4, the cross- 
peaks from Arg-11 and Asn-53 lie along the same N H  
chemical shift axis, as do the cross-peaks of Ser-152 and 
Gln-141. As cross-peaks for each amide N H  can be found 
in more than one slice, analysis of the neighboring slices in 
the 3D spectrum is sufficient to correlate each cross-peak with 
a given amide NH. This property of the 3D spectrum is 
illustrated in Figure 5, which shows a small region of five 
consecutive slices from both the 3D HOHAHA-HMQC and 
3D NOESY-HMQC spectra of IL-I@. The figure shows in 
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FIGURE 5: Small region of five consecutive slices of the 3D NOE- 
SY-HMQC (upper) and 3D HOHAHA-HMQC (lower) spectra of 
interleukin I@. For a given amide NH the corresponding cross-peaks 
appear in more than one slice of the 3D spectrum. By following the 
change in intensity of the cross-peaks through the slices it is possible 
to assign each peak to a given signal in the 2D IsN-'H correlation 
spectrum or a given NH-C"H peak in the 3D HOHAHA-HMQC 
spectrum (indicated by the vertical lines). For example, the rightmost 
slice contains peaks that arise from Ser-152, but which exhibit their 
maximum intensity in the preceding slice (horizontal dashed lines), 
where they are degenerate in F3 with cross-peaks arising from Gin-141. 
The spectra indicate that it is possible to distinguish cross-peaks that 
arise from amide NHs that have virtually (Ser-21 and Asn-53) or 
completely (Arg-l 1 and Asn-53, Ser-152 and Gln-141) degenerate 
amide NH 'H chemical shifts and only slightly different ISN chemical 
shifts. 

which slice the cross-peaks arising from each spin system 
involved appear at  their maximum intensity. The resolution 
of the cross-peaks belonging to Gln-141 and Ser-152 which 
display degenerate amide N H  chemical shifts is diagrammed. 
As a general rule we have found that if the amide N H  signals 
are resolvable in the Overbodenhausen experiment (i.e,, peaks 
may be overlapping, but the peak maxima must be resolvable), 
then it is possible to separate the corresponding cross-peaks 
in the 3D spectrum, in spite of the relatively poor digital 
resolution in F2 (24.7 Hz/point). Note that this is possible 
despite the intrinsically superior FI resolution of the Over- 
bodenhausen experiment compared to the HMQC experiment 
upon which the 3D experiments depend. Under the particular 
experimental conditions used for these 3D experiments, there 
are three cases where pairs of residues exhibit ISN and 'H 
amide chemical shifts that are insufficiently resolved to allow 
the separation of the respective NOE cross-peaks. These occur 
for He- 122 and Phe- 1 33, Met-20 and Ala-59, and Ser-84 and 
Asp-12. Fortunately, none of these pairs of residues also 
displays CaH chemical shift degeneracy. Because of their 
characteristic patterns, the spin systems of Ala-59 and Ser-84 
are easily recognized even in the 3D spectrum reported here. 
The remaining spin systems can be separated either in 2D 
spectra or in the 3D spectrum recorded previously at pH 7.5 
and 27 OC (Marion et al., 1989b). 

The format of each 3D spectrum, as recorded here, com- 
prises 64 IH-IH Fl-F3 slices, each with the representation of 
a conventional NOESY spectrum. Handling this amount of 
data in the traditional manner, by overlaying hard paper plots 

on a light-box, becomes a difficult and tedious process. We 
therefore adopted a simple method that dramatically facilitates 
the analysis. The approach is based on eliminating the empty 
space that is present in the 3D spectrum and the redundancy 
that is caused by the fact that a series of cross-peaks from a 
single amide N H  may appear in more than one slice of the 
3D spectrum. Thus, since there are a relatively small number 
of peaks in each slice of the spectrum, much of the three- 
dimensional space is devoid of peaks and therefore useless for 
the purposes of analysis. The approach we have taken is based 
on selecting strips of data from each slice containing cross- 
peaks arising from each amide N H  group. Having identified 
each individual IsN-'H N H  correlation in the 2D Overbo- 
denhausen experiment, the 3D slice for which the corre- 
sponding cross-peaks displayed the greatest intensity was as- 
certained. Then the index of the data point in the F3 dimension 
closest to the peak maximum of the N H  resonance was noted. 
Next a strip of data of width 17 points (Le., the center data 
point f 8 data points, corresponding in this case to 138.2 Hz 
or 0.23 ppm) and containing the complex F1 sweepwidth was 
extracted from the relevant slice. The width of each strip was 
at least twice as wide as the base of the broadest cross-peak. 
These strips of data were then aligned alongside each other 
to form one large 2D data set. For the purposes of display 
we have applied a 17-point unshifted ( ~ i n e ) ~ / ~  window function 
(0-a radians) across each strip of data. This has the effect 
of removing intensity from the edges of each strip which is 
irrelevant to the amide in question while leaving the absolute 
heights of those peaks of interest unaltered (Le., the center 
point of the 17 is scaled to unity by the window function). We 
have found that using a 0.23 ppm strip width combined with 
the window causes little or no visible distortion of the 
peaks of interest within each strip. In this way we were able 
to reduce all of the useful information of the complete 3D 
spectrum to a relatively small number of 2D plots. Initially, 
the ordering of the strips into a large 2D plot is purely ar- 
bitrary. Subsequent to the completion of the sequential as- 
signment process, the strips can be reordered to be consistent 
with the protein amino acid sequence. For convenience, 
Figures 6 and 7 show amide strips that are correctly ordered 
according to the primary sequence. [We note in passing that, 
having dramatically reduced the data size of the 3D spectrum, 
one can extract those regions of importance and, reverting to 
the time domain data by inverse Fourier transformation, apply 
linear prediction algorithms (Gesmar & Led, 1988) or max- 
imum entropy reconstruction (Laue et al., 1985) to improve 
the quality of the data contained within the regions of interest. 
In this way, we can potentially remove artifacts that arise in 
the 3D spectrum from truncation of the data in F1 due to the 
small number of time points recorded, as well as increase the 
effective resolution in the FI dimension.] 

Sequential assignment of the spectrum proceeded by using 
the traditional approach of identifying through-bond connected 
"spin systems" joined by short-range through-space NOE 
connections (Wiithrich, 1986). First, the positions of the 
HOHAHA peaks for each amide N H  were marked on the 
NOESY strips (Figure 6 ) .  This then removes the need to 
shuffle the NOESY spectrum with the HOHAHA spectrum 
in the analysis. We found that one of the strongest NOES for 
any given amide N H  is invariably the sequential CaH(i)- 
NH(i+l) or NH(i)-NH(i+l) connection [denoted daN(ir i+l)  
and d"(i,i+ I ) ,  respectively], Long-range NOES (viz., in- 
terstrand NH-NH or NH-C"H connections) are invariably 
of lower intensity (though it must always be borne in mind, 
especially in @-sheet secondary structure, that such interstrand 



3D NMR of Interleukin 10 Biochemistry, Vol. 29, No. 14, 1990 3549 

LllO 
E l l l  

B 
Y L 1 o - a  0 -  

w 0 

I K109 T W u b  0 8-014 .6 . 

:::r I106 

q E l l l  

f 

e 

1 

F i W m )  
FIGURE 6: (A) Composite of amide strips taken from the 3D HOHAHA-HMQC spectrum of interleukin 18 showing the diagonal NH peaks 
(labeled with an asterisk), and NH-C"H and NH-CQ cross-peaks for residues Ile-104Glu-111. Thick horizontal lines separate narrow sections 
of the slice of the 3D spectrum which contains the cross-peaks of maximum intensity for each residue. In three cases (Lys-109, Leu-1 10, and 
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I8 indicating the NOEs that yield the sequential assignment. Asterisks indicate the position of the diagonal peak for each residue and boxes 
enclose the intraresidue NH-C"H and NH-C@H cross-peaks that are observed in the corresponding HOHAHA strips. Sequential d"(i,i+l) 
NOEs are indicated with thick arrows, sequential daN(i,i+l) and dm(i,i+l) NO& with thin arrows. To reduce the complexity, the lines dividing 
the strips are replaced by tick marks on each side of the figure. The spectra are scaled in the F3 dimension by a factor of 1.5 with respect 
to the F ,  dimension. Note that the orientation of the spectra differs by a 90' rotation compared to Figures 4 and 5. The F3 chemical shifts 
for lle-104, Glu-105, Ile-106, Asn-107, Asn-108, Lys-109, Lys-110, and Glu-111 are 9.23, 8.48, 8.67, 9.28, 8.81, 8.03, 9.43, and 8.76 ppm, 
respectively. 

distances can be quite short). In many cases the unambiguous 
connection of spin systems via a daN(i,i+l) NOE, where the 
CaH signal has a nondegenerate chemical shift, is a simple 
matter (Marion et al., 1989b). Also, when two amides are 
connected by a strong dNN(i,i+l) NOE, this is unequivocally 
identified as the NOE appears symmetrically about the 'H-lH 
F,  = F3 line, with the cross-peak from each side of this line 
usually in different planes of the 3D spectrum. In fact, there 
is no case in the spectrum of IL-lP where NH-NH NOEs, 
short or long range, overlap one another in the 3D spectrum. 

Figure 6 illustrates some of these properties of the 3D NMR 
assignment process for a stretch of the IL-lP protein sequence 
from Ile-104 to Glu-111. In this representation the amide 
strips have been ordered according to the polypeptide sequence. 
The top half of the figure shows the amide strips from the 
HOHAHA spectrum. On the bottom is the corresponding set 
of strips from the NOESY spectrum. Note the remarkable 
absence of cross-peak overlap. A number of sequential NOE 
connections are indicated by arrows, including daN(i,i+ 1) and 
dNN(i,i+l) NOEs. In  a few cases both types of connection 
can be detected. There are two cases of near chemical shift 
degeneracy in the example shown that are worth mentioning. 
In  the first case there is a second NH-C"H HOHAHA 
cross-peak with NH chemical shift just upfield of the Lys-109 
NH-C"H peak. This peak belongs to residue Gln-14. The 
difference in NH 'H  and I5N chemical shifts for these two 
residues is small (see Figure 2) but sufficient to avoid confusion 
of the two sets of NOE peaks. In the second case, a similarly 
small difference in NH chemical shift is found for the amide 
NHs of Leu-110 and Leu-10. Again the respective NOE 
peaks are resolvable in the F3 dimension. This time, however, 
the two residues exhibit degenerate CaH chemical shifts such 
that the corresponding NH-C*H HOHAHA cross-peaks 
partially overlap and are unresolved in the upper part of the 

figure. For this section of the protein sequence we can also 
observe a number of NH-CPH correlations in the HOHAHA 
spectrum, which considerably aids the assignment process via 
the identification of dsN(.i,i+ 1) NOEs. 

The 15N-'H 3D experiments are specifically designed to 
overcome the problem of amide N H  chemical shift degeneracy 
in the spectra of large proteins. The presence of C"H chemical 
shift degeneracy in the spectrum can give rise to exactly similar 
difficulties in the sequential assignment process. This is true 
even for IL-ID, which, as a P-sheet protein, displays greater 
overall chemical shift dispersion than an a-helical protein. 
Indeed, this is a more pernicious problem than amide N H  
chemical shift degeneracy since the CaH chemical shifts are, 
in general, less sensitive to factors such as temperature and 
pH. Coupled with the fact that it is necessary to leave the 
solvent H 2 0  resonance (and therefore coincident C"H reso- 
nances) either saturated or unexcited in the NMR experiment, 
the peaks connecting to CaH resonances must be resolved in 
the Fl dimension where the intrinsic digital resolution is usually 
lower than that in the acquisition dimension (F3) .  Figure 7 
illustrates amide strips taken from the 3D HOHAHA-HMQC 
(upper) and 3D NOESY-HMQC (lower) spectra for two 
cases of C"H chemical shift degeneracy in the spectrum of 
IL-1 6. The C"H resonances of Gln- 126 and Glu-64 are de- 
generate (Figure 7A), as are those of Lys-93 and Ser-13 
(Figure 7B). A box in the NOESY strip marks the position 
of the NH-C"H and CBH HOHAHA correlations observed 
in the corresponding HOHAHA strip. Only a portion of the 
aliphatic region of the spectrum in the Fl dimension is shown. 
In each example the NOESY strip of the succeeding residue 
is plotted underneath. The degenerate drrN(i,i+ 1) NOE 
connections are indicated by thick arrows. 

In the application of the sequential assignment method to 
proteins of mass <10 kDa, the problem of C"H chemical shift 
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of many of the amino acid spin systems for IL-l@. Compared 
to experience with smaller proteins, the HOHAHA and RE- 
LAY-COSY spectra of IL-1@ in H 2 0  solution were poor 
indicators of the CBH chemical shift position, due to the 
relatively short transverse relaxation times of the amide N H  
resonances. Thus, in many cases where NH-CBH relayed 
connectivities could not be identified in these spectra, the 
location of the CBH position depended on the correlation of 
C"H-CBH cross-peaks in D 2 0  HOHAHA and P.COSY 
spectra with intraresidue NH-CBH and NH-CYH NOES in 
the 3D NOESY spectrum. The considerable degree of CBH 
and CYH resonance overlap makes this difficult for spin sys- 
tems which extend beyond the @-methylene group. Never- 
theless, complete spin system identification was possible for 
many residues. For example, the fingerprint region cross-peaks 
of four of the five Ala residues were easily assigned because 
of the relatively intense NH-CBH correlation in the HO- 
HAHA spectrum. The remaining Ala residue is Ala-1 for 
which the N-terminal amino group is not observed. Also, a 
number of Ser (1 1 of 14), Thr (4 of 6), Val (8 of 1 l ) ,  Ile (3 
of 5), and Gly (7 of 8) spin systems could be identified on the 
basis of the characteristic coupling patterns in the early stages 
of the assignment process. Ultimately all but a very few of 
these were completely assigned along with 5 of the 15 Leu and 
1 of the 5 Ile residues. Many NH-C"H-CoH2 spin systems 
could be attributed to aromatic ring containing residues on 
the basis of characteristic NOES between each of these protons 
and the ring C*H group. These include the tyrosine residues 
for which sequence-specific assignments of the ring spin sys- 
tems had previously been obtained by a site-directed muta- 
genesis/'H NMR study (Gronenborn et al., 1986) and the 
unique histidine and tryptophan residues, His-30 and Trp- 120. 

The identification of complete spin systems for proline 
residues has proved problematic because of the considerable 
cross-peak overlap in the D20 spectra. For residues sequential 
to proline residues, NOES have been located leading to frag- 
mentary identification of the proline spin systems, specifically 
the CaH or C*H resonances. Complete spin system identifi- 
cation for these and other "long" side chain residues must await 
the application of 3D I3C-'H J-correlated spectroscopy (Kay 
et al., 1990; Bax et al., 1990b). 

The complete assignment of the backbone amide N H  and 
non-proline C"H resonances has been made with the aid of 
the 3D spectra described here. Some assistance was derived 
from other spectra, including the 3D data sets reported earlier 
(25 OC and pH 7.5) and a number of 2D spectra recorded 
under different conditions of pH and temperature. These 
served mainly to check the assignments as they were made by 
using the present 3D data sets and also to deal with the small 
number of residues whose CaH resonance was coincident with 
the H 2 0  solvent peak in the 3D data. A summary of the 
sequential NOE data obtained from the 3D data is given in 
Figure 8. The NOE data from the 3D NOESY-HMQC 
experiment described in this paper are represented as a series 
of black bars. As such, Figure 8 serves to represent the 
completeness of the NOE connectivity data obtainable from 
just the single 3D NOESY-HMQC spectrum. The height of 
the bars is proportional to NOE intensity calculated from the 
number of contours observed for each peak in the 2D slice of 
the 3D spectrum for which the NOE appears most intense (on 
a 0-10 scale, contours are spaced by a factor of 1.5). It is 
recognized that since each 3D cross-peak is observed in more 
than a single slice, it is possible that the absolute NOE intensity 
is slightly underestimated by taking this approach. NOES that 
are only observable in 2D spectra recorded in D 2 0  solution 
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FIGURE 7: Two cases illustrating the resolution of sequential as- 
signments in the case of CuH chemical shift degeneracy, using the 
3D spectra of interleukin I@. (A) Glu-64 and Glu-126 have degenerate 
CaH chemical shifts as seen from the corresponding amide strips from 
the 3D HOHAHA-HMQC spectrum (the format here is similar to 
that of Figure 6, but only the aliphatic region is shown). The sequential 
assignment between Lys-65 and Glu-64 is obtained by identification 
of daN(i,i+l), dNN(i,i+l) (not shown), and dsN(i,i+l) NOEs. The 
sequential assignment between Gln-I26 and Ala-1 27 is obtained from 
duN(i,i+l) and dNN(i,i+l) (not shown) NOEs. Dotted lines with 
arrows indicate dsN(i,i+l) and d &i+l) NOEs that are obtained 
after identification of CBH and Cyk chemical shifts from the analysis 
of correlated spectra in D 2 0 .  (B) Ser-13 and Lys-93 also exhibit 
degenerate CaH chemical shifts. duN(i,i+l) and d"(i.i+l) (not 
shown) NOEs can be found to connect these residues to Gln-14 and 
Lys-94, respectively. In neither case, however, has any deN(i,i+ 1)  
or dyN(i,i+ 1 )  NOE been unambiguously identified. Dotted lines 
indicate unidentified NOEs that are common to the amide NHs of 
Ser- 13 and Gln- 14. This type of effect is observed consistently for 
pairs of adjacent residues throughout the 3D NOESY-HMQC 
spectrum of interleukin 14. The F3 chemical shifts for Ser-13, Gln-14, 
Glu-64, Lys-65, Lys-93, Lys-94, Gln-126, and Ala-127 are 7.42, 8.02, 
8.90, 7.57, 8.29, 7.80, 8.87, and 8.17 ppm, respectively. 

degeneracy is dealt with by identifying secondary sequential 
NOES to CBH or CYH resonances. For the case of IL-l@, it 
can be seen in Figure 7 that there is a correlation between the 
cross-peaks on the axes of the neighboring spin systems for 
the correct sequential assignments, supported in each case by 
the identification of a sizeable dNN(i,i+l) NOE (not shown). 
In  the case of the Gln- 126/Ala- 127 pair, these NOES can be 
assigned through analysis of correlated spectra recorded in 
D20, to sequential dBN(i,i+l) and dyN(i,i+l) connections. 
These connections are indicated with broken arrows in Figure 
7A. In the case of the Ser-l3/Gln-14 pair in Figure 7B, there 
appear to be common NOES which, however, cannot be in- 
terpreted in terms of short-range connections (dashed lines). 
Presumably these NOES are attributable to (as yet uniden- 
tified) long-range connections that are common to these 
neighboring amide NHs in the protein. This correlation of 
NOE peak positions for adjacent residues, while not proof of 
the correctness of any given assignment, was observed 
throughout the spectrum of IL-I@ and is clearly evident in both 
Figures 6 and 7. 

A complete analysis of the 3D NOESY-HMQC and 3D 
HOHAHA-HMQC spectra together with 2D correlated 
spectra recorded in D 2 0  solution has enabled the identification 
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constant measurement to molecules of a size greater than 
10-12 kDa is fraught with technical difficulties. The most 
prominent problem is the overall complexity of the spectra of 
such large molecules. Thus, the chemical shift degeneracy and 
overlap in the 2D NOESY spectrum of IL-I@ is too severe 
for complete analysis by conventional means (see Figure 1). 
Concomitant with this is the more fundamental problem of 
decreasing transverse relaxation times with increasing mo- 
lecular weight. The consequences of this phenomenon are 
clearly evident in the 2D HOHAHA spectrum of IL-1P 
(Figure l ) ,  which shows that the relayed NH-C@H connec- 
tivities are few and of low intensity. These types of correlations 
are important for spin system identification and subsequent 
amino acid type and sequence-specific assignments. To ov- 
ercome these obstacles, the application of NMR-active iso- 
tope-labeling strategies coupled with novel NMR experiments, 
designed to edit the complex 2D spectra of IL-10 according 
to the chemical shift of a heteronucleus, can be employed. In 
particular, there are many examples where uniform I5N la- 
beling has proved useful in the assignment of the 'H spectra 
and secondary structure determination of medium-sized pro- 
teins, such as Mu ner (Gronenborn et al., 1989b) and human 
thioredoxin (Forman-Kay et al., 1990), through the application 
of 2D heteronuclear NMR techniques. We have recently 
reported the application of IsN-'H 3D heteronuclear NMR 
to the problem of sequence-specific assignment of the spectrum 
of IL-1P (Marion et al., 1989b). The basis of the 3D heter- 
onuclear technique is to separate the peaks of the fingerprint 
region of a 2D 'H spectrum according to the ISN chemical shift 
of the amide N H  group. 

In our previous paper (Marion et al., 1989b) on the ap- 
plication of 3D heteronuclear NMR to IL-10 the sample 
conditions used were pH 7.5 and 27 OC. These spectra were 
recorded during a developmental stage of the application of 
3D heteronuclear spectroscopy and have not been used ex- 
tensively in the sequential assignment analysis of IL-10. The 
3D spectra reported in this paper incorporate a number of 
improvements over those reported previously. These include 
the optimization of sample conditions to obtain a complete 
count of amide N H  signals and the consecutive recording of 
the 3D HOHAHA-HMQC and 3D NOSY-HMQC spectra 
on the same 600-MHz spectrometer. 

The sequential assignment of the backbone resonances of 
IL- 10 has been completed with the aid of the heteronuclear 
3D spectra described here. We can identify a number of 
factors that contributed to the success of this approach in this 
instance. These were as follows: 

(1) The 3D spectra almost completely removed the cross- 
peak overlap problem that was present in the 2D spectra of 
IL-1P. This factor resulted in a significant simplification of 
the assignment process, even for cases devoid of chemical shift 
degeneracy. Consequently, the efficiency of the assignment 
process was greatly increased. 

(2) We were able to unambiguously identify those features 
of the NOESY spectrum that resulted from the N-terminal 
heterogeneity of the sample. In the case of resolved amide 
N H  peaks for the two forms of the protein this manifested 
itself as two different amide strips containing similarly posi- 
tioned NH-aliphatic NOES. 

(3) That we were able to identify every amide N H  and its 
corresponding C"H proton was of major benefit in the as- 
signment process. In many cases these correlations could be 
connected unambiguously with sequential NOES before the 
spin system identification was confirmed by analysis of the 
D 2 0  correlated spectra. 

10 20 30 40 50 
A P V R S L N C T L R D S Q Q K S L V M S G P Y E L K A L E L Q G ~ D M g Q Q V V F S M S ? V Q G ~ E S  

3 J N H ~  0 m m m m m . m  om mo mmmmmoc .DO D O  n o m m m m m m m n  
NH exchange .m. ..... .e. - .. . 
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NH exchange ....e ..... ... ....e 
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dm(i,i+l) 
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FIGURE 8: Sequence of human interleukin 10 together with a summary 
of the short-range NOES involving NH, CaH, and CSH protons. The 
NOE intensities are indicated by the black bars and are classified 
according to the number of contour levels observed for each peak in 
the 3D NOESY-HMQC spectrum. NOES that are taken from 2D 
NOESY spectra are indicated by open bars and are classified as strong, 
medium, and weak, as indicated by the height of the bars [where both 
black and open bars are indicated for a given daN(i,i+l) connection, 
the NOE in the 3D spectrum is attenuated due to presaturation of 
the C"H resonance]. A 6 indicates that a NOE involves the C6H 
protons of a proline residue in place of an amide NH [Le., daP6(i,i+l) 
for daN(i,i+l), d &+l) for dm(i,i+l), and dNp6(i,i+l) or dP6,(i,i+l) 
for d N N ( i , i + l ) r  Solid circles indicate residues with amide NH 
resonances that are not fully exchanged 100 min after the protein 
is dissolved in D20 at 36 OC and pH 6.1. Residues with accurately 
measured 3JNHw > 7.5 Hz are indicated by solid squares, 3 J ~ ~ a  < 6.0 
Hz by open squares. The jJHNo coupling constants were measured 
from a HMQC-J spectrum (Kay & Bax, 1990). The measurements 
of these NMR parameters are described in a forthcoming paper 
(Driscoll et al., 1990). 

(involving proline C*H) and NOES involving those residues 
whose CaH resonance is wholly or partially obscured by solvent 
presaturation in the 3D experiment are indicated in Figure 
8 by open bars, with their intensities classified as strong, 
medium, or weak. 

Table 1 lists the ' H  and I5N chemical shifts for both wild- 
type and des-Ala-I-IL-lp obtained to date. The assignments 
of the fingerprint region and some NH-C@H relayed cross- 
peaks are indicated in Figure 9, which shows a lSN-decoupled 
2D HOHAHA spectrum of ISN-labeled wild-type IL-10, re- 
corded with a mixing time of 30 ms. 

DISCUSSION 
The extension of the well-established NMR procedures for 

sequential assignment, long-range NOE analysis, and coupling 
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Table I :  I5N and ' H  Chemical Shifts for Recombinant Wild Type and Human Des-Ala-I-interleukin 18 at pH 5.4 and 36 OC, 100 mM Sodium 
1 -Acetate-d," 

amide N H  
residue I5N ' H  C"H CSH other 
Ala-I 
Pro-2 
Val-3 
Arg-4 

Ser-5 

Leu-6 
Asn-7 

Thr-9 
Leu- IO 
Arg- 1 1 
Asp- 12 
Ser- 13 
Gln-14 
Gln-15 

Ser- 17 
Leu- 18 
Val- 19 
Met-20 
Ser-21 
Gly-22 
Pro-23 
Tyr-24 
Glu-25 
Leu-26 
Lys-27 
Ala-28 
Leu-29 
His-30 
Leu-3 I 
Gln-32 
Gly-33 
Gln-34 
Asp35 
Met-36 

Gln-38 
Gln-39 
Val-40 
Val-4 I 
Phe-42 
Ser-43 
Met-44 
Ser-45 
Phe-46 
Val-47 

Gln-48 

CYS-8 

LYS- 16 

Glu-37 

Gly-49 
Glu-50 
Glu-51 
Ser-52 
Asn-53 
ASP-54 
Lys-55 
lle-56 
Pro-57 
Val-58 
Ala-59 
Leu-60 

Leu-62 
Gly-6 I 

LYS-63 
Glu-64 
LYS-65 
Asn-66 
Leu-67 
Tyr-68 
Leu-69 
Ser-70 

Val-72 
Leu-73 

Asp-75 

cys-7 I 

Lys-74 

Lys-77 
ASP-76 

119.1 
127.0 
128.3 
118.3 
118.4 
122.4 
120.9 
117.8 
109.5 
120.7 
119.6 
121.2 
114.4 
120.4 
111.6 
120.2 
119.5 
122.4 
115.5 
120.9 
120.0 
111.7 

110.6 
119.3 
123.0 
119.8 
118.9 
125.6 
122.0 
126.0 
120.2 
109.5 
121.7 
119.0 
118.3 
117.6 
117.0 
117.3 
122.7 
123.9 
127.3 
I 15.6 
131.3 
121.1 
123.2 
118.5 
118.6 
120.4 
120.5 
111.6 
121.3 
122.6 
116.8 
119.7 
116.2 
118.8 
122.7 

117.8 
120.9 
124.3 
109.9 
121.4 
126.3 
118.6 
115.1 
116.2 
115.7 
121.5 
121.8 
I 15.8 
119.5 
117.0 
123.7 
126.4 
127.5 
109.9 
119.8 

8.00 
8.86 
9.00 
8.27 
8.28 
9.03 
8.78 
9.59 
8.93 
9.41 
8.62 

7.42 
8.02 
8.44 
8.48 
8.27 
8.82 
8.80 
8.68 
8.59 
8.1 1 

8.00 
7.20 

9.18 
7.62 
9.42 

10.19 
8.40 
8.88 
8.72 
8.83 
7.86 

8.07 
7.94 
7.53 
8.30 
7.69 
9.58 
9.17 
9.57 
8.88 
8.46 
7.41 
7.45 
8.56 
8.56 
8.33 
8.47 
8.51 
8.39 
8.61 

7.60 
8.37 

10.0 I 
8.68 

10.53 

8.22 
8.16 
8.90 
7.57 

8.71 

8.57 

7.68 

8.53 

8.26 

8.40 
6.82 
9.18 
8.49 
9.17 
8.35 

8.52 
8.20 
9.22 

7.71 

8.80 

8.46 

4.17 
4.50 
4.15 
4.46 
4.47 
5.67 

4.78 
6.25 
5.76 
5.06 
5.45 
5.28 
4.65 
3.99 
4.55 
3.71 
3.55 
4.91 
5.38 
4.68 
4.90 
4.52 
3.97, 4.12 
4.02 
4.78 
4.67 
5.24 
5.14 
6.16 

4.69 
4.67 
4.53 
3.77, 3.99 
4.27 
4.75 
4.21 
4.22 
4.21 
4.42 

4.24 
5.04 
5.16 
5.30 
5.36 
4.77 
4.66 
4.66 
4.44 

3.94, 4.12 
4.35 
4.50 
4.63 
4.60 
4.59 
4.69 
4.86 
5.37 
5.64 
5.42 
4.86 

4.46 
3.84 
3.98 
4.48 
4.41 
5.34 
4.96 
4.84 
5.23 
5.53 
4.58 
4.17 
4.39 
4.15 
4.07 
4.66 

4.87 

3.78 

4.15, 2.38 

1.53 
C ~ H  3.59, 3.68 

I .93 C ~ H ~  0.83, 0.83 

3.55, 3.68 

1.82, 1.81 
2.86, 2.32 
2.86, 2.96 
4.39 
1.07, 1.53 
1.60, 1.66 

3.56, 3.95 
1.59, 2.56 
2.62 
1.97 
4.03, 3.76 
1.40, 2.15 
2.03 
2.19, 1.70 
3.60, 3.52 

3.54, 2.76 
1.94, 2.04 
1.63 

1.31 
1.95, 1.58 
3.23, 3.16 
1.70, 1.30 

I .4a, 1.43 

1.98, 2.19 

2.10, 2.10 
2.79, 2.89 
2.05 
2.02, 2.10 
1.91, 2.23 

1.58 
1.83 
2.57, 3.07 
3.45, 3.61 
2.23 
3.58, 3.71 
3.37, 2.98 
2.51 

1.97. 2.08 

1.92, 2.06 
2.01, 2.09 

2.90, 2.83 
2.77, 2.77 
1.74, 1.51 
2.09 

2.08 
1.51 

3.97, 3.88 

2.15, 1.83 

i s i , o . a 6  

1.41, 1.34 

2.24, 2.09 
1.47 
3.14, 3.01 
1.17, 1.42 
3.08, 2.51 
1.96, 1.66 

2.86, 2.46 
1.99 
1.48, 1.36 

3.66, 3.28 

1.53, 1.80 
2.66, 2.81 
2.79, 2.86 
1.60, 1.67 

C'H I .a4; C ~ H ~  0.98, I .02 

C'H, 1.18 
C7H 1.18; CbH3 0.58, -0.40 

C'H3 0.66, 0.78 
C7H 2.50, 2.36 

CbH 3.59, 3.44 

CYH 2.24, 2.30 
C ~ H  7.09; C ~ H  6.78 

C'H 2.25. 2.31 

C'H3 0.62, 0.19 
C ~ H ~  0.85, 0.85 
C6H 6.90; C'H 7.00; CQ-l 6.62 

C6H 7.23; C'H 7.13 
C'H3 0.73, 0.95 

C'H 2.27, 2.34 

CY2H3 1.16 
C'H 1.86; C6H 3.96, 4.00 
O H 3  0.82, 0.73 

C7H3 0.55, 0.71 
C'H 1.35; CaH3 0.59, 0.43 
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amide N H  
residue ”N ‘H CaH CBH other 

Pro-78 ... . 

Thr-79 
Leu-80 
Gln-81 
Leu-82 

Ser-84 
Val-85 

Pro-87 

Asn-89 
Tyr-90 

Pro-9 I 
Lys-92 

Lys-93 

Lys-94 
Met-95 

Lys-97 
Arg-98 
Phe-99 
Val-IO0 
Phe- 101 
Asn-102 

lle-104 

Ile-106 
Asn- 107 
Asn- 108 

Leu- 1 I O  

Phe-112 

Ser-114 
Ala-115 
Gln-I16 
Phe-I17 
Pro-I 18 
Asn- 1 19 
Trp- 120 
Tyr-121 
Ile- 122 
Ser- I23 
Thr-124 
Ser- 125 
Gln- 126 
Ala- 127 

Asn-129 
Met-I 30 
Pro- I 3 1 
Val- 132 
Phe-133 
Leu- 134 

Glu-83 

Asp-86 

LYS-88 

Glu-96 

LYS- 103 

Glu- 105 

LYS- 109 

Glu-l 1 1  

Glu-I13 

Glu- I28 

Gly- I35 
Gly- I36 
Thr-137 
LYS-138 
Gly-139 
Gly- 140 
Gln-141 
Asp- I42 
Ile-143 
Thr- 144 
Asp- 145 
Phe- 146 
Thr-147 
Met-I48 
Gln-149 
Phe- 150 
Val-I 51 
Ser- 152 
Ser- 153 

120.0 
127.1 
126.3 
122.0 
123.8 
121.2 
117.3 
122.0 

117.1 
114.5 
116.5 
116.7 

116.9 
117.3 
119.2 
119.3 
1 18.0 
122.5 
122.7 
121.5 
114.2 
116.6 
117.8 
127.2 
121.1 
127.7 
133.7 
126.8 
125.6 
126.4 
110.7 
120.1 
121.0 
117.8 
119.5 
126.2 
121.9 
128.5 
116.9 
116.9 

114.1 
119.7 
119.4 
124.6 
122.5 
109.9 
113.8 
122.1 
120.0 
117.2 
114.1 
117.7 

125.4 
124.6 
119.7 
114.9 
1 1  1.2 
112.1 
124.4 
1 1  1.5 
109.0 
119.7 
119.6 
125.5 
111.8 
120.6 
118.0 
110.0 
121.3 
123.7 
123.7 
122.6 
119.4 
122.5 

8.83 
8.83 
9.68 
8.44 
9.17 
8.71 
7.92 
8.04 

8.38 
7.78 
7.29 
7.30 

7.22 
7.24 
8.29 
8.29 
7.80 
7.64 
9.14 
8.23 
7.88 
7.84 
7.45 
9.83 

10.38 
9.38 
9.23 
8.48 
8.67 
9.28 
8.81 
8.03 
9.43 
8.76 

10.28 
8.82 
9.14 
8.12 
7.87 
7.38 

10.23 
8.11 
9.40 
8.65 
8.98 
8.99 
9.55 
8.87 
8.17 
8.44 
8.06 
8.84 

8.01 
8.65 
8.58 
9.34 
8.75 
7.46 
8.37 
8.63 
8.15 
8.40 
7.79 
9.18 
8.12 
7.10 
9.55 
9.47 
8.67 
8.43 
8.72 
8.05 
8.39 
7.98 

3.19 
4.58 
5.13 
4.98 
5.01 
4.63 
5.15 
4.59 
4.90 

4.20 
4.75 
4.19 

4.25 
4.42 
4.41 
4.00 

4.59 
4.23 
4.09 
3.71 
3.91 
5.16 
4.36 
5.15 
5.01 
4.64 
4.45 
5.14 
4.33 
4.27 
4.38 
4.78 
5.42 
5.00 
5.23 
4.47 
3.90 
4.05 
3.61 
4.86 
4.40 
4.04 
4.98 
5.64 
3.84 
5.82 
4.83 
4.97 
3.98 
4.38 
4.04 
4.18 
5.23 
5.20 
4.42 
5.27 
5.21 
4.02, 4.92 
2.93, 3.84 
4.31 
4.29 
3.83, 4.02 
3.78, 4.20 
4.29 
4.93 
3.92 
4.99 
5.58 
5.22 
4.74 
5.39 
4.63 
4.77 
4.36 
4.48 
4.31 

3.93 
2.00, 1.50 
1.96 
1.83, 1.37 
2.10 
3.90, 3.92 
1.52 
2.96, 2.69 

1.80, 1.73 
2.64, 2.50 
2.30, 2.50 

1.75, 1.51 

2.08, 2.23 
1.71, 1.63 
1.56, 1.49 
3.69, 2.87 
1.92 
2.70, 2.67 
2.29, 2.92 

1.74 
1.73, 1.94 
1.68 
2.99, 2.72 
3.02, 3.02 
1.85, 1.83 
1.36, 0.94 
1.99 
2.36, 2.54 

4.37, 4.10 
1.17 
0.98, 1.42 
2.58, 2.64 
2.29 
3.37, 3.03 
3.67, 2.92 
2.41, 3.50 
1.62 
3.00, 2.06 
4.39 
3.93, 3.98 
2.01, 2.24 
1.44 
2.27, 1.96 
3.31, 2.55 
2.15, 2.36 

1.75 
3.30, 2.97 

3.99 
1.53, 1.56 

2.00, 2.20 
2.82, 2.57 
2.41 
4.39 
2.42, 2.54 
3.09, 2.63 
4.19 
1.78, 1.78 
2.07 
3.26, 3.03 
1.84 
3.94, 3.94 
3.89. 3.89 

C6H 3.07 

C’H 1.60; C6H3 1.09, 0.75 

C7H 1.59; C6H3 0.71, 0.72 

C’H3 1.20 

C6H 6.74: C‘H 6.63 

C’H 1.30, 1.26 

C’H 2.72, 2.44 
C’H 1.30, 1.24 

C6H 7.51; C‘H 7.04; CQ 6.89 

C6H 6.98; C‘H 7.06; CQ 6.81 
C’Hp 0.82, 0.90 

CT2H3 0.90 
O H  2.05, 2.14 
CT2H3 0.80; C’IH 1.36, 1.03; C*H3 0.78 

C’H 1.54; C*H3 0.77, 0.73 

C6H 6.62; C‘H 6.65 

C6H 6.91; C‘H 6.81 
C’H 3.31, 3.54; C*H 1.87, 2.00 

N‘H 10.01; C61H 7.30, CDH 7.45; CV2H 7.21; CDH 7.21; Ce3H 7.10 
C6H 7.01; C‘H 6.63 
Cy2H3 0.41 

C’H, 1.16 

C’H 2.38, 2.63 

C6H 3.94, 3.78 

C6H 7.31; C‘H 7.23; C%l 7.13 
C’H3 0.86, 0.86 

C7H3 0.96 

CY2H3 0.78 
C7H3 0.96 

C*H 7.01; C‘H 7.11; C N  6.81 
C’H3 1.22 

C6H 7.33; C‘H 7.39 
C’H3 0.95, 0.90 

Where two sets of chemical shifts are given, the second set refers to des-Ala-l-IL-l@. IH chemical shifts are expressed relative to 4,4-dimethyl-4-sila- 
pentane-I-sulfonate, IsN ones relative to external liquid NH,. 
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FIGURE 9: N H  (F axis)-aliphatic ( F ,  axis) region of the 30-111s HOHAHA spectrum of 15N-labeled wild type interleukin 18 in H20 at 36 
O C  and pH 5.4. 13N decoupling was applied during t2  only. The assignments of the NH-CaH cross-peaks are indicated, as are those for a 
number of relayed NH-CQ cross-peaks. The doubling of NH-C"H cross-peaks for residues Arg-4 and Lys-92 is shown. The NH-PH cross-peaks 
of residues Ser-I14 and Lys-63 are not detectable at  the contour level chosen. 

(4) The sensitivity of the 3D experiment is such that we were 
able to identify daN(iri+ 1) and d"(i,i+ 1) NOE connections 
between a very large number of pairs of spin systems. The 
daN(i . i+ l )  type of NOE can be observed across almost the 
entire protein sequence (see Figure 8). (The succeeding 
residues Met-36, Glu-37, and Gln-38 and Asn-53 and Asp-54 
have degenerate C"H resonances, and it is impossible to dis- 
tinguish intra- from interresidue NH-C"H NOE intensity in 
these cases.) Some of the sequential NOE cross-peaks are very 
weak or absent in the corresponding 2D NOESY spectrum. 
In this respect we note that, in contrast to the 2D case where 
resolution enhancement is almost obligatory, the absence of 
significant overlap in the F3 dimension of 3D spectrum allows 
one to apply a digital filtering function to the F3 time domain 
data that maximizes sensitivity in the spectrum rather than 
attempts to improve resolution. (We have not used a strong 
resolution enhancement function in the FI dimension, where 
resolution of aliphatic C H  resonances is relatively poor. 
Though possible, in principle, to do so would be at the expense 
of overall signal-to-noise ratio.) In fact, it is possible to trace 
sequential assignments with either or both d,N(i,i+l) or 
d"(i,i+l) NOE connections with no breaks in the inter- 
proline segments of the protein sequence. 

The ability to separate and identify all the I5N-NH-CaH 
correlations prior to the sequential NOE analysis was of major 
importance in our success in completing the assignment of 
IL-I@. This is especially important as it allowed us to use a 
data reduction approach prior to analysis without the risk of 
omitting important information. In this regard, the Overbo- 
denhausen I5N-'H correlation experiment is especially suited 
to the task of "counting" amide NH signals. This is because 
of the efficient transfer of magnetization from the I5N nucleus 
to the directly bonded proton. The large scalar coupling for 
this interaction (IJNH - 90 Hz) renders this experiment much 
less sensitive to the short transverse relaxation times of large 

proteins than IH-'H correlated experiments. Coupled with 
the excellent resolution in the I5N dimension, we have found 
that the l5N-IH Overbodenhausen correlation experiment is 
able to resolve almost all the amide ISN-'H correlations in 
the spectrum of IL-l@. What is more, the small degree of 
cross-peak overlap in this spectrum appears exquisitely sensitive 
to the sample conditions since both the I5N and 'H amide 
proton chemical shifts are pH and temperature dependent. 

It is apparent from the preponderance of daN(iri+l) con- 
nections in the NOE summary shown in Figure 8 that IL-lp 
is primarily composed of extended @strands connected by loops 
and turns. This result is consistent with both circular dichroism 
studies (Craig et al., 1987) and the model structure that has 
been proposed from X-ray crystallographic studies (Priestle 
et al., 1988). We have found little, if any, evidence that the 
loss of the N-terminal residue Ala-1 from the structure causes 
any difference in the protein fold, in spite of the sizeable 
chemical shift differences that are observed for residues that 
are far from the N terminus in the protein sequence (e.g., 
Val-47, Lys-92). According to the crystal structure model of 
the protein, these residues are close in space to the N-terminal 
stretch of protein that procedes the first @-strand. One in- 
teresting consequence, however, of the loss of Ala- 1 from the 
protein sequence is the concomitant loss of the amide N H  
resonance of Val-3. The amide N H  of this residue is visible 
in the spectrum of wild-type IL-10 under all conditions that 
we have explored. This contrasts with the amide N H  of Arg-4, 
which is equally labile to exchange broadening at pH 7.5 and 
36 OC in both forms of the protein. We can only speculate 
at this stage as to the cause of this effect. Apparently, the 
absence of Ala-1 either causes a structural disruption of the 
N-terminal part of the protein up to residue Val-3 or leaves 
the amide N H  of Val-3 accessible to solvent. Further in- 
vestigation of this phenomenon must await the complete as- 
signment of the aliphatic resonances of Pro-2 in both forms 
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of 3JNHu coupling constants and amide N H  exchange rates 
(Driscoll et al., 1990). 

To our knowledge, this is the first example of the sequential 
assignment of the NMR spectrum of a protein that has been 
obtained by using heteronuclear 3D spectroscopy. The promise 
of this and other similar studies involving I3C labeling suggests 
that NMR will soon be applicable to studies of protein con- 
formation in the 15 000-25 000 molecular weight range. 

of the protein and possibly the complete structure determi- 
nation. The results of a preliminary analysis of the secondary 
structure of IL-10 suggest that the residues Ala-l-Arg-4 are 
not involved in a regular structure element. We will provide 
an in-depth consideration of the secondary structure elements 
of IL-10 in a forthcoming publication (Driscoll et al., 1990). 

Table 1 lists the resonance assignments of all the protons 
that have been identified to date in the spectrum of IL-lp. For 
a few residues only the N H  and C'H resonances have been 
unambiguously identified. Confidence in the correctness of 
the assignment in  these cases is derived from many sources. 
First, the completeness of the backbone resonance assignment 
indicates that all ambiguities have been resolved self-con- 
sistently. Second, an analysis of the secondary structure of 
IL-10 based on this assignment is, for the most part, consistent 
with the 3-A resolution model derived from X-ray crystallo- 
graphic studies (Driscoll et al., 1990). Third, when the fin- 
gerprint regions of a number of point mutant IL-1/3 proteins 
(i.e., K27C, C71S, K93A, and K94A) are compared under 
identical conditions, the chemical shifts are significantly altered 
only for those residues that are located either close in the amino 
acid sequence or in the overall tertiary structure (unpublished 
data). Additionally, all those residues that show significantly 
different fingerprint region chemical shifts for the two forms 
of IL-lp present in this study (i.e., wild type and des-Ala-1- 
IL-18) are either close to the N terminus of the protein se- 
quence or spatially proximate in the X-ray model. The 
threonine spin system whose chemical shifts are significantly 
altered in the mutant K138C (Wingfield et al., 1989) is 
confirmed as belonging to Thr-137. Last, preliminary studies 
with amino acid specific I5N labeling (performed subsequent 
to the completion of the sequential assignment analysis) have 
provided confirmation of the assignments to amino acid type 
for all those cross-peaks in the 2D 15N-'H Overbodenhausen 
experiment attributed to leucine, lysine, and methionine res- 
idues (data not shown). 

We have shown that the application of lSN-IH 3D hetero- 
nuclear NMR is generally applicable to the simplification of 
the IH 2D spectra of proteins. It is clear that with a greater 
degree of 15N and 'H N H  and CuH chemical shift degeneracy 
than is present in the spectrum of IL-10 the 3D lSN-'H 
heteronuclear NMR experiments may provide a less complete 
resolution of all ambiguities present in the 2D 'H spectrum. 
This is likely to be the case for proteins with a high a-helical 
or nonglobular content. In these cases, judicious use of specific 
amino acid labeling should resolve the ambiguities remaining 
in the 3D spectra. 

CONCLUDING REMARKS 
We have demonstrated that it is possible to assign the 

complete set of backbone resonances of a 153-residue protein, 
namely, recombinant human IL-10, with the aid of random 
I5N isotope labeling and 3D heteronuclear NMR techniques. 
The application of 'H and IsN-'H 2D NMR techniques to 
this problem had proved frustratingly inadequate. Once the 
3D spectra had been obtained, the assignment of the IL-10 
spectrum proceeded relatively quickly. The application of 
heteronuclear 3D NMR spectroscopy to the assignment of the 
backbone resonances of proteins with molecular weights 
greater than 10 000 is more efficient than strategies based on 
amino acid specific isotope labeling as only a single sample 
is required and relatively few spectra need to be recorded. The 
assignments obtained here have been used in the study of the 
protein's secondary structure, as well as investigations into the 
backbone dynamics of this protein. The I5N resonance as- 
signments have been used directly in the accurate measurement 
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